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1.1 Scope of the research 
  Selective molecular recognition is an extremely important process to sustain life. It is 
performed mainly on the cell membrane surface and promotes the cellular activity and tissue 
response.1 As described in the fluid-mosaic model proposed by Singer and Nicolson, the cell 
membrane is composed of phospholipids, proteins and polysaccharides.2 Amphiphilic 
phospholipids form bilayers and act as a platform to maintain proteins and polysaccharides at 
specific positions to selectivity recognize the signaling molecules on the outside of the cell 
membrane. (Fig. 1-1).  
  In normal cells, the structure and composition of phospholipid molecules are different 
between the inner and outer leaflets of the cell membrane; i.e., phosphatidylserine (PS) and 
phosphatidylethanolamine (PE) are exclusively located in the inner leaflet, while, 
phosphatidylcholine (PC) and sphingomyelin (SM) are enriched in the outer leaflet.3,4 The 
electrically neutral phosphorylcholine group of the PC and SM provide an biological inert 
surface to enhance the performance of proteins and polysaccharide located on the cell 
membrane for molecular recognition.5-7  
  It is well understood that antibody and enzyme play an important role in molecular 
recognition. Therefore, immunoassays process or biosensor fabrications, which use 
 
Fig. 1-1 Cell membrane.2  
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biomolecules as signal capturing moieties, have been developed.8-10 While these systems have 
been applied for some diagnostic protocol to evaluate the concentration of the analyte in 
solutions by taking advantage of the higher biological affinity to the target molecules, the 
biological affinity of biomolecules tends to reduce significantly in non-biological conditions.11,12 
To overcome these limitations, various artificial receptors and synthetic polymers mimicking 
the biological recognition process have been examined.13,14  
  The goal of this study is to fabricate material surfaces that recognize specific proteins using 
synthetic polymers.15,16 To achieve this goal, two steps strategies are employed. (1) Preparation 
of anti-protein adsorption surface. (2) Construction of binding sites for the target proteins.  
(1) Proteins adsorb on various surfaces nonspecifically and this nature reduces the selectivity of 
the specific protein recognition. In the cell membrane, the phospholipid layer provides an inert 
surface for biological reactions. In this research, photoreactive phospholipid polymers were 
designed to react with various material surfaces, which serve as platform for anti-protein 
adsorption.17,18 
(2) A novel molecular imprinting concept was developed for construction of the protein binding 
sites. Molecular imprinting is a versatile synthesis technique for polymers with specific 
recognition sites that memorize the shape and chemical properties of the target molecules.19-20 
The affinities between biomolecules at specific binding sites are known as “lock and key” 
model.21 Molecular imprinting processes allow construction of three-dimensional, molecular 
binding sites using multiple “ lock and keys”. A typical molecular imprinting process takes 
place as follows. Functional monomers initially form a complex with the target molecules and 
are polymerized with cross-linkers. After polymerization, the target molecules are removed by 
washing with a solvent from the resultant complex polymers. While small target molecules can 
be removed easily by this procedure; imprinting with large molecules such as protein remains 
challenging. In a normal molecular imprinting process, the recognition sites are fixed on the 
polymer chains. However, since the polymer chains tend to shrink and biomolecules has 
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flexible and complex conformation, it is difficult to hold the binding sites during 
polymerization.  
    A new concept is therefore, needed for developing the imprinting process for biomolecules.  
Here, the step-by-step molecular integration procedures are proposed for construction of 
specific recognition sites against the target proteins. Since proteins have flexible conformation, 
the recognition sites of target proteins were constructed by integration and fixation of ligands. 
Sodium dodecyl sulfate (SDS) was chosen as the ligand. Because SDS molecules could bind to 
the specific-high energy sites of protein molecule spontaneously and provide multiple binding 
sites.22-27 The SDSs arranged to the target proteins were fixed with photoreactive phospholipid 
polymer. After removal of the target molecules, the fixed SDS molecules function as a ligand. 
  In summary, this thesis research explored a new approach for fabrication of the surface to 
recognize a specific protein using the molecular imprinting concept. The special feature of this 
surface included maintenance of protein conformation and reduction of nonspecific adsorption 
of protein. Finally, the affinity of the protein recognition surface was demonstrated by cell 
capturing study and additional application areas of the protein recognition surface were 
discussed from the viewpoint of cell engineering. 	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1.2 Molecular recognition 
1.2.1 Molecular interactions in a biological system  
  Molecular recognition such as antigen-antibody, enzyme-substrate and DNA-protein plays an 
important role to maintain the vital functions in a biological system. This recognition between 
two molecules occurs mainly through the following mechanisms. 
 
Coulomb’s force 
  The coulombic force (electrostatic force) is operative between two charged objects. If the 
charges are of the same sign, the force is repulsive; if they are of opposite signs, the force is 
attractive. 
  The coulombic energy is as follows:  
q1: charge 1 
q2: charge 2 
 
 
 
Fig. 1-2 Schematic representation of molecular interactions. 
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r: distance between charges 
ε0: permittivity of space 
εr: relative permittivity of medium 
  This force has a characteristic to reach long distances compared to other interaction and 
decrease in the medium, which has high permittivity. 
 
Van der Waal’s force 
  The van der Waals force is caused by the attraction between electron-rich regions of one 
molecule and electron-poor regions of another. Three factors causing such forces are 
dipole-dipole interaction (Keesom interaction), dipole-induced dipole interaction (Debye 
interaction), and dispersion force (London interaction). All these interactions are due to 
interaction between the dipole, and the influence decrease in proportion to the inverse of the six 
power of the distance between molecules.    
  They are summarized to the van der Waals force, i.e. 
r: distance 
CvdW: proportional constant 
 
Hydrogen bonds 
  The hydrogen bond is a special case of dipole interactions. A hydrogen bond is the attractive 
force between the hydrogen attached to an electronegative atom (X) of one molecule and an 
electronegative atom (Y) of a different molecule.  
                            XH + Y → X – H ・・・Y 
X-H bond is a covalent bond, the binding energy is 100 kJmol-1. In contrast, the binding energy 
of hydrogen bond is 10〜40 kJmol-1. This value is an order of magnitude higher than that of the 
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van der Waals force. The notable characteristic of the hydrogen bond is dependence on 
direction. 
 
Hydrophobic interactions28 
  Hydrophobic interactions occur between water and hydrophobic molecules (low 
water-soluble molecules). Water molecules form an extended hydrogen bond network. In the 
presence of hydrophobic molecules, the water molecules lose a partner of the hydrogen bonding 
because hydrophobic molecules and the water molecules cannot form hydrogen bonds. As a 
result, the water molecules rearrange their direction, and form a cage-like structure around 
hydrophobic molecules. The ordered water molecules reduce the entropy of the system. 
Therefore, hydrophobic molecules tend to be lumped together to minimize the number of 
ordered water molecules, increasing the entropy.	  
  
  In general, molecular recognition occurs by combinations of various molecular interactions. 
Since these interactions are not strong compared with the covalent bond, easily recombination 
occurs. The different combination of molecular interaction forms the different molecular 
recognition, which satisfies the most thermodynamically stable interaction. 
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1.2.2 Molecular recognition based on host-guest chemistry 
  The receptor compounds that form host-guest complexes through non-covalent interactions 
have been widely studied. Various molecular interactions as described in 1.2.1 are used to form 
the host-guest complexes. Crown ethers, cyclodextrins and calixarenes are representative host 
molecules having a specific space to entrap the guest molecules.29  
 
Crown ethers30,31 
  Crown ethers are named as x-crown-y-ether, where x is the total number of atoms in the ring 
and y is the number of oxygen atoms. Crown ethers can solvate metal cations by entrapping the 
metal in the center of polymer cavity. Complexes with crown ether and ionic salts are soluble in 
nonpolar organic solvent. For example, 18-crown-6-ether has high affinity for potassium ion, as 
a result, KMnO4 dissolves in benzene. Complex stability depends on the size of polymer cavity.  
 
 
Cyclodextrins32,33 
  Cyclodextrins are a series of cyclic oligosaccharides composed of α-(1,4) linked 
glucopyranose subunits. Typical cyclodextrins contains six (α), seven (β) or eight (γ) glucose 
units in a ring. They have a hydrophilic outside, which can dissolve in water, and apolar cavity, 
which can entrap the hydrophobic guest molecules. The cavity diameters depend on the number 
 
 
Fig. 1-3 Chemical structure of common crown ethers.31 
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of glucose units; α−cyclodextrin: 4.7-5.3 Å, β−cyclodextrin: 6.0-6.5 Å γ−cyclodextrin: 7.5-8.3 
Å. Cyclodextrins can form inclusion complexes with many guest molecules using whole 
molecules or some part of it, and they have been already used in various fields such as food, 
pharmaceutical and electrochemistry. 
 
Clixarenes29,34,35 
  Calixarenes are macrocyclic compounds, which are obtained by condensation reaction of 
formaldehyde and p-phenol. The number n in calix[n]arene represents n phenol units in a 
calixarene molecule. Calixarenes have cyclic phenolic hydroxyl groups which are useful for the 
building–up of the functionalized host molecules. They can form the complexes with guest 
molecules such as organic molecules and ion. An advantageous feature of calixarenes is their 
easy functionalization. Various derivatives having desired properties are easily synthesized.   
 
 
Fig. 1-4 Chemical structure of β-cyclodextrin.32 
  
Calix[n]arene 
 
Fig. 1-5 Chemical structure of calixarene.29 
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  The host molecules such as crown ethers, cyclodextrins and calixarenes recognize specific 
atoms, small molecules and ions, and form the inclusion complex. However, these host 
molecules can not be applied to biomolecules because of their size and complex structures.  
 
1.2.3 Molecular recognition based on molecular imprinting technology 
  Molecular imprinting is a technique for the formation of selective recognition sites in 
synthetic polymers. The general principle of molecular imprinting method is shown in Fig. 
1-6.19,20  
  The functional monomers initially form a complex with the target molecules and are 
polymerized with cross-linkers. Then, the target molecules are removed from the resultant 
polymers. The complementary binding sites to target molecules are formed in the polymer after 
removal of the target molecules.36 When the functional monomers form the complex with the 
target molecules, various forces are used as driving force. These forces include coulombic 
forces, van der Waals forces, hydrogen bonds and hydrophobic interactions. Therefore, the 
choice of functional monomers is one of the critical factors for molecular imprinting. Many 
 
 
Fig. 1-6 Schematic representation of molecular imprinting procedure. 
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researchers employ acrylamide and methacrylic acid as a functional monomer, since they are 
water-soluble molecules and form the complex with the target molecules through hydrogen 
bonds and coulombic forces. 
  Molecular-imprinted polymer using macromolecules as a template are increasing from 
2005,37 and various molecular-imprinted polymers for biomolecules have been reported (Fig. 
1-7).38  
a) Bulk Imprinting39,40 
  Bulk imprinting is a standard technique in which the target molecules are mixed with the 
functional monomers, and polymerized. The general bulk imprinting procedure is shown in Fig. 
1-6. This method has been successful for target molecules with low molecular weight and rigid 
structure. 
 
b) Surface Imprinting41,42 
  In the surface imprinting technique, the target molecules are imprinted using carrier matrix. 
Therefore, removal of target molecules from the polymer matrix is easier than a bulk imprinting. 
Furthermore, surface imprinted polymer is physically robust due to the presence of the support 
and it can be combined with a sensor device. This method is useful for large molecules. 
 
 
Fig. 1-7 Various molecular-imprinted polymers for biomolecules.38 
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c) Substructure Imprinting (Epitope imprinting)43,44  
  This method uses a short polypeptide as the template instead of the whole molecules. The 
antibody interacts with a small part of the antigen, the epitope (the antigenic site). This method 
attempts to mimic these specific interactions between antibody and antigen. Substructure 
imprinting can use common imprinting procedure for small molecules and the formed cavities 
have an affinity for the proteins. The key to success is the identification of a proper epitope. 
 
d) Substructural Analogs45 
  The substructural analogs are used as a template instead of the target molecules. This method 
is useful if the target molecules are rare or toxic or not stable under imprinting conditions. 
 
e) Antibody Replica46,47 
  Antibody replicas are prepared by a double imprinting process. First, natural antibodies for 
the target proteins are imprinted into polymers, then, these template polymers are imprinted to 
another polymer for creating positive image of natural antibodies. The replica binds to the 
epitopes of target protein, like antibody and antigen interaction. In this method, the direct use of 
the target proteins can be avoided, however, the antibodies are needed as starting templates. 
 
f) Sacrifice Layer48,49 
  In this imprinting technique, supporting materials are sacrificed. The surface of sacrificed 
support is covered with the target molecules, and it is reacted with the functional monomers. 
After polymerization, the sacrificed support is removed by chemical dissolution. As a result, the 
binding sites of the target molecules are formed in the polymer layer.  
  
  The procedure proposed in this study is categorized into the surface imprinting. 
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1.3 Biointerface 
1.3.1 Protein adsorption at the biomaterial surfaces 
  Proteins preform various functions in aqueous media, and their higher-order structures are 
retained by bound water surrounding protein. In other words, the characteristic of the water 
surrounding the proteins influences the structure and function of proteins.50  
  Lu et al. explained the phenomenon of protein adsorption on to polymer surfaces by structure 
of water molecules.51 Material surfaces have a fraction of bound water as with proteins. When 
proteins contact with the material surfaces, the sharing of bound water between the proteins and 
the surfaces occurs by hydrophobic interaction. That is, removal of bound water from proteins 
induces direct contact between the amino acid residues and the polymer surface (Fig. 1-8). The 
hydrophobic part of the protein is exposed and directly contacted to the polymer surface, and 
this causes the irreversible protein adsorption phenomena.  
 
 
 
 
 
Fig. 1-8 Schematic representation of protein adsorption behavior in aqueous medium. 51 
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  Table 1-1 shows the dimensional data and theoretical amount of monolayer adsorption for 
plasma proteins. For proteins that are more or less rectangular in shape is normally expected that 
there are two types of conformations for adsorbed protein molecules. One is called “end-on type” 
with the long axis and the other is called “side-on type” with the short axis perpendicular to the 
surface. The space occupied by adsorbed protein is different from “end-on type” and “side-on 
type”.52  
  The relation between amount of the protein adsorption and the bulk concentration are 
typically presented as adsorption isotherms.53 The adsorbed amount is plotted against the 
aqueous protein concentration at a constant temperature. Adsorption to surfaces exposed to 
different concentrations of proteins until steady-state adsorption is increased steeply at a low 
bulk concentration, but typically reaches a plateau or a saturation value at a higher bulk 
concentration. This behavior is called a Langmuir isotherm. When the bulk protein 
concentration is low and the contact time is short, the adsorption data of a single protein solution 
follows Langmuir isotherm.54  This suggests closely packed monolayer of adsorbed protein on 
the surface. When the bulk protein concentration becomes high, the spaces occupied per protein 
molecules in a close-packed monolayer vary and eventually the proteins adsorb with multi-layer. 
Table1-1 Dimensional data for plasma proteins. Modified from 52 
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On the other hand, proteins undergo structural change during measurement. This structural 
change strongly depends on the surface characteristic and the contact time. It should be noted 
that the Langmuir isotherm is observed under limited condition such as protein concentration 
and contact time. 
  Serum proteins are multicomponent and the concentration is very high. Competitive protein 
adsorption to surfaces occurs from protein mixtures.55 Although the abundant protein are 
adsorbed first on the surface, the proteins with high affinity for the surface replace them, a 
phenomenon is known as the Vroman effect.56 For this reason, the surface characteristics will 
determine which protein species will ultimately adsorb to the surface when equilibrium is 
reached.  
 
 
1.3.2 Interaction between proteins and amphiphilic substances  
  Amphiphilic substances (surfactants) can be categorized into anionic, cationic and nonionic 
and the binding isotherm of surfactants to proteins displays four characteristic regions, specific 
binding, non-cooperative binding, cooperative binding and saturation.27  
  In the specific binding regions, the surfactants binding to proteins involve two stages.57  
(1) Surfactant head groups interact with ionic sites of the proteins by electrostatic interactions. 
(2) The alkyl group of the surfactant binds to the hydrophobic parts close to ionic sites of the 
protein. For nonionic surfactants, the main driving force is hydrophobic interaction with 
nonpolar parts on the proteins.  
  The interaction between bovine serum albumin (BSA) and various surfactants has been well 
investigated. The number of binding sites (n) and binding constant (K) of various surfactants for 
BSA are shown in Table 1-2. The binding constant (K) of anionic surfactants tends to be higher 
than of cationic and nonionic.   
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1.3.3 Cell adhesion at the biomaterial surfaces  
  Cells do not directly adhere to the substrate surface in cell culture, but only through the 
adsorbed proteins such as fibronectin and vitronectin.61,62  
  Cells possess heterodimeric transmembrane proteins composed of α and β subunits called 
integrins.63 Integrins are cell surface receptors to that aid binding of the cells to adhesive proteins 
with specific peptide sequences such as Arginine-Glycine-Aspartic asid (RGD), which are 
recognized by integrins as a binding sites. Therefore, the amount, density and structure of 
adsorbed cell adhesive proteins influence the cell adhesion.64,65 In addition, integrins play an 
Table 1-2	 The number of binding sites (n) and binding constant (K) of various surfactants 
for BSA.  
 
 
 
n: The number of high-affinity binding site.   K: The binding constant. 
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important role in controlling various signal pathways that regulate cell proliferation, 
differentiation and survival.66 Thus, cell adhesion is one of the important events that determine a 
cell function.  
  To control cell adhesion on artificial surfaces, microfabrication techniques combined with 
surface chemistry have been explored. For example, cell binding-ligands such as adhesive 
peptides immobilized to the surface via microscale-patterning enabled visualizing the effect of 
the surface properties on cell adhesion.67,68 Another study demonstrated that commitment of 
stem cells to different lineages depends on the cell shape that can be controlled using 
micro-patterning technique.69 In addition, cell patterning is an important tool to fabricate 
cell-based sensor or cell-based array for drug discovery. 
 
 
1.3.4 Non biofouling surfaces 
   Protein adsorption at the material surfaces can be explained by the surface free energy as a 
parameter. Surface free energy is defined as the work required to increasing the surface area of a 
substance by unit area and is equal to surface tension.70 Usually, contact angle measurement can 
be used to determine the surface energy of the materials because the surface tension of solid 
phases cannot be directly measured.71 The contact angle is determined by measuring the angle 
formed by the intersection of the liquid-solid interface and the liquid-vapor interface. (Fig. 1-9) 
Generally, when the contact angle (θ) is less than 65°, the surface is considered “hydrophilic”, 
and higher than 65°, it is considered “hydrophobic”.  
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  The phenomenon of the contact angles can be explained as a balance between the force with 
which the molecules of the drop liquid are being attracted to each other (a cohesive force) and 
the attraction of the liquid molecules for the surface (an adhesive force). This force balance is 
known as Young’s equation: 
γSV=γSL+γLVcosθ 
  When the adhesive force of between liquid and the surface exceeds the cohesive force 
between liquid molecules, the liquid will be spread on the surface.  
   As mentioned above, the surface tension of solid phases cannot be directly measured. 
Therefore, Zisman method is used to determine the surface energy of solid phase. Zisman and 
his coworkers have found that the plot of cosθ vs. γLV for homologous series liquids on a given 
solid is generally a straight line and have introduced the concept of critical surface tension of 
wetting (γc).72 γc is defined as the value of γLV at the intercept of the plot of cosθ vs. γLV with the 
horizontal line, cosθ=1. Liquids of γLV less than γc would be expected to spread of the solid 
surfaces. Table 1-3 shows critical surface tension values for common polymeric materials 
calculated from contact angle measurements. 
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  There are a number of ways to measure the contact angle. Especially, the captive air bubble 
method, which can evaluate the surface characteristic in water, is useful because many 
biomaterials are used in aqueous medium.  
  It is generally accepted that the cells do not adhere on the surface whose contact angle value 
is less than 20° and cells easily adhere on the surface with the value higher than 70°.73 This is 
because when the contact angle value is less than 20°, protein adsorption is also suppressed. 
However, there are many exceptions such as cellulose membrane and glass surface whose 
contact angle values are less than 20°. Cell adhesion occurs after cell adhesive protein adsorbed 
from cell culture medium onto the surface. Thus, the surface free energy such as 
Table 1-3 Critical surface tension values for common polymeric materials 
calculated from contact angle measurements.Modified from 79 
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hydrophilicity-hydrophobicity of material surfaces is one parameter for controlling the protein 
adsorption. One of surface modification techniques to control surface energy is to graft PEG, a 
non-ionic, water-soluble molecules on the surface.74-77 The PEG grafted surface is hydrophilic 
and the surface potential approaches zero. Furthermore, the high mobility of the grafted polymer 
chains and the excluded volume effect suppress the approach of proteins. 
  As described in section 1.3.1, protein adsorption to the material surfaces is related to the water 
structure on material surfaces. The polymers with a phospholipid polar group in the side chain, 
2-methacryloyloxyethyl phosphorylcholine (MPC) polymers are well known to suppress the 
protein adsorption effectively.78-80 This is attributed to the water structure of MPC polymer 
chains. The water molecule surrounding MPC polymer chains tends to form hydrogen bonds 
with each other instead of interacting with polymer chain. Thus, the water structure of MPC 
polymer is the same as bulk water.81,82 Protein adsorption is hard to occur on the surfaces covered 
with MPC polymers because the surfaces do not have “water” for exchanging. Because of such 
characteristics, MPC polymers have been used as a surface modification agent to inhibit the 
protein adsorption in numerous applications. 
  The surface modification techniques using various MPC polymers are presented in the next 
section. 
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1.3.5 Surface modification using phospholipid polymers 
  MPC is a methacrylate with a phosphorylcholine group in the side chain. This structure 
allows molecular design by copolymerizing with other monomers. The surfaces covered with 
MPC polymers exhibit good wettability, low friction, and resistance to protein adsorption.83,84 
Therefore, MPC polymers have been applied to several medical devices such as artificial hip 
joints,85 implantable blood pumps,86 cardiovascular stents, and contact lenses, and as a surface 
treatment agent of affinity beads and bio-chip plate for analysis.87-89 Fig. 1-10 shows the various 
MPC polymers for use in surface modification.  
 
 
Fig. 1-10 Various MPC polymers for use in surface modification. 
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Physical adsorption type 
  Poly(MPC-co-n-butyl methacrylate (BMA)) (PMB) is versatile polymer and it can be both 
water-soluble and water-insoluble by controlling the composition of MPC unit and the 
molecular weight. For surface modification, PMB with 30mol% MPC unit, 70mol% BMA unit 
and the molecular weight above 5.0 x 105 is used. The coating process is relatively simple; the 
substrates are immersed in 0.20-0.50 wt% PMB ethanol solutions and dried. The polymer 
chains tightly bind to the surface through van der Waals’ force and form a polymer layer with 
the thickness of 50-100 nm. Although PMB can be applied to various materials including, 
polymers (Teflon, Polypropylene (PP), Polydimethylsiloxane (PDMS) are exceptions), metals 
and ceramics, the surface equilibrium with an aqueous solution is needed for activation the 
functionalities of PMB.90 Since the hydrophobic BMA units are concentrated on the surface in 
dry condition, the phosphorylcholine groups must be oriented to the surface by pre-hydration. 
The polymer layers are detached from the surface when washing with alcohol (PMB dissolves 
in alcohol) because PMB binds to the surface by physical adsorption. 
  Poly(MPC-co-2-ethylhexyl methacrylate-co-2-(N,N-dimethylamino)ethyl methacrylate) 
(PMED) has been synthesized for surface treatment of PDMS.91 PMED is dissolved in a mixed 
solvent of ethanol and water, and the PDMS samples are immersed in the solution and dried. 
The polymers are attached to the surface by hydrophobic interactions and electrostatic attraction 
forces. After treatment, the static contact angle on the PDMS surface was decreased from 90° to 
20°, and the dynamic friction coefficient against a Co-Cr ball was decreased by nearly 80% 
compared with that of the untreated PDMS. The polymer layers were stably adsorbed on the 
PDMS surface even after immersion in water for 168h.   
  Surface modification based on mussel adhesive mechanism has been widely investigated.92,93 
Mussels can rapidly and permanently adhere to all types of inorganic and organic surfaces in 
aqueous environments. Such adhesive properties rely on the repeated 
3,4-dihydroxy-L-phenylalanine (DOPA) motif found in the foot protein of mussels. Although 
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the exact mechanism of adhesion is not fully understood, it has been speculated that the 
3,4-dihydroxyphenyl (DHP) group of DOPA is responsible for the adhesion.94,95 When a 
polymer with DHP groups is in contact with a metal substrate, the thin polymer film is 
spontaneously deposited on the surface. The water-soluble MPC polymers having DHP groups 
in the side chain (PMDP) was synthesized and surface modification of titanium (Ti) was carried 
out.96 The coating process is quite simple; The Ti alloy substrates are immersed in 0.20 wt% 
PMDP aqueous solution for 10 sec. The amount of PMDP adsorbed on the Ti alloy substrate 
was measured using quarts crystal microbalance (QCM) and the result was 354 ng/cm2. After 
surface modification, the water contact angles of Ti alloy surfaces were decreased dramatically 
from 54 to 0°, and this value was not changed after immersion in water for 2 days. PMDP was 
stably adhered on the Ti alloy substrate.  
 
Chemical bonding type 
  Poly(MPC-co-3-methacryloxy propyl trimethoxysilane (MPTS)) (PMSi) is suitable for 
modification of metal-oxide including glass. The substrates are immersed in 0.10-0.50 wt% 
PMSi ethanol solutions containing acid catalyst, and dried. Then, the substrate is heated at 70°C 
at 4 h, the polymer is bound to the substrate. PMSi has 90 mol% of MPC unit, therefore the 
surface exhibits immediately hydrophilicity after contact with water. The thickness of polymer 
layer was 20 nm, it was thinner than PMB layer, but the surface effectively suppressed the 
protein adsorption and cell adhesion. PMSi has been applied to the surface of various sensing 
devices such as biochip, QCM and atomic-force microscope (AFM) cantilever.97-99 This 
treatment suppresses the nonspecific protein adsorption and leads to the high sensitive-detection. 
  Poly(MPC-co-2-metahcryloyloxyethyl-4-azidebenzoate(MPAz)) (PMPAz) is bound to the 
surface by photoreaction.18 The azido groups, which are photoreactive group, can form covalent 
bonding to the alkyl group of the substrates. The substrates include not only polymers but also 
ceramic and metal substrates. In the case of the ceramics and metals, silane-coupling chemistry 
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is applied for introduction of alkyl groups on the surface as a pretreatment. Photoreaction is a 
powerful tool for surface modification at the specific location. Regarding photoreactive 
polymers is discussed further in section 1.3.6.  
   
1.3.6 Photoreactive polymers 
  Photoreaction has the advantage over thermal reaction because of the short reaction time and 
efficient reaction conversion. In addition, use of photoirradiation does not significantly damage 
the bulk properties of the materials at select wavelengths, and can control the reaction areas.103,104 
Since many polymer materials have methyl and methylene groups on the surfaces with high 
density, these hydrocarbon groups are used for reaction sites. Generally, the 
phototransformation reaction of C-H bonds involve two aspects, the activation of a C-H bond 
and attachment of a functional group R.102 (Fig. 1-11)  
a1) direct scission by exposure to short wavelength UV (<200 nm); a2) hydrogen abstraction by 
radical species (radical transfer); a3) hydrogen abstraction by triplet state species; a4) direct 
insertion by reactive intermediates. The resulting alkyl radicals (a1-a3) can be coupled with a 
functional group radical R (b1) or a radical carrying the functional group R (b2) to form a C-R 
bond. On the other hand, a C-H bound can be also converted to a C-H bond by direct insertion 
(b3) of reactive intermediates carrying a functional group. 
 
 
Fig. 1-11 The outline of phototransformation of C-H bond.Modified from 102 
 
 
-CHAPTER 1-                                                        General introduction 
 
 25 
The photoreactive group often used is summarized in Fig. 1-12. 
  Benzophenone (BP), which is an alkyl ketone, is activated from the singlet to triplet state by 
UV irradiation and abstracts the hydrogen from C-H bonds.103-105 Since the activation occurs at a 
wavelength longer than 300 nm, the damage of biomolecules is avoided. One of the attractive 
features of BP is that the reaction is reversible. The C-H bonds does not exist in adjacent areas, 
BP can return to the ground state. BP is chemically more stable than aryl azides and their 
derivatives, and selectively reacts with C-H bounds that are within a 3.1 Å radius of the 
carbonyl oxygen even on protic solvent conditions.106 
 
  Phenyl diazirine and their derivatives form carbene species by UV irradiation near 360 nm, 
and then direct insertion into C-H bond takes place. They are often used for protein labeling 
because the reaction time is fast and the long-wavelength UV is used for activation.107,108 
Carbene is a highly reactive species, which react with the surrounding solvent and are 
deactivated.	  
 
 
Fig. 1-12 Typical Compounds of photoreactive species. 102 
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  Phenyl azide and their derivatives form nitrene species by UV irradiation near 280 nm, and 
then direct insertion into C-H bond takes place. The reaction mechanism of phototransformation 
of C-H bonds by phenyl azides is shown in Fig. 1-13.  
  The aromatic nucleus absorbs light under UV excitation, and transmission of the vibration 
follows the azide group.109-111 A highly reactive singlet or triplet nitrene is subsequently formed 
through elimination of nitrogen. The singlet state can directly insert into a C-H bond and 
subsequently converted to a triplet state through intersystem crossing. The triplet state can 
abstract hydrogen from C-H bond to form a phenyl azide radical and a surface alkyl radical.  
  The reaction time is fast as well as the carbene-generating species. Phenyl azide group is 
easily introduced to the side chain of methacrylic acid, and it is used for functional monomer 
having photoreactive group. 
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1.4 Overview of this thesis 
Fig. 1-14 shows overview of this thesis.  
    
Fig
. 1
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This thesis is composed of six chapters. 
Chapter 1 is general introduction describing the molecular recognition at the biointerface. In 
molecular recognition section, to understand the mechanism for molecular recognition, receptor 
molecules and molecular imprinting process are summarized with attention to the molecular 
interactions. In biointerface section, protein adsorption and cell adhesion phenomenon were 
summarized, and surface modification to suppress nonspecific protein adsorption were 
presented. Furthermore, interaction of the protein and surfactant and fundamental properties of 
photoreactive polymers to construct the surface with recognition sites were summarized. 
 
Chapter 2 describes the preparation of anti-protein adsorption surface as a platform for 
molecular imprinting substrate. The synthesis of the phospholipid polymers having 
photoreactive group, and the surface modification of various materials using these polymers are 
described. The surface analysis and biological performance modified with the phospholipid 
polymers are described.  
 
Chapter 3 provides the material design of protein-imprinted surface. The procedure to construct 
the protein recognition sites and imprinting surfaces are described. The surface characterization 
after protein imprinting is investigated. 
 
Chapter 4 evaluates the protein-imprinted surface. The target proteins are detected using a deep 
UV fluorescence imaging microscopy. In this chapter, the effect of ligand surfactants for the 
recognition sites, and selectivity between bovine serum albumin (BSA) and ovalbumin (OVA) 
are discussed. 
 
Chapter 5 describes the application of specific protein recognition surfaces. The fibronectin 
(FN) is selected as the target proteins, and cell capturing study is carried out on the 
 
-CHAPTER 1-                                                        General introduction 
 
 29 
FN-imprinted surface. In this chapter, the imprint areas are controlled using a photomask. The 
cell adhesion behavior on the FN -imprinted surface is investigated.  
 
Chapter 6 is conclusion of this thesis. The features of the surface to recognize specific 
biomolecules are summarized, and their applications are proposed. 
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2.1 Introduction 
  Protein adsorption occurs within a few second as an initial event when the material surfaces 
come into contact with biological fluids.1-3 Therefore, to selectively capture target proteins on the 
surface from a mixed protein solution, nonspecific adsorption of other proteins must be 
suppressed. As described in Section 1.3.5, the surface covered with 2-methacryloyloxyethyl 
phosphorylcholine (MPC) polymer exhibits good wettability for water, low friction in aqueous 
medium, and resistance to protein adsorption even when the MPC polymers contact with 
plasma or serum.4-7 Thus, surface modification with MPC polymers can aid performance 
diagnostic and analysis based on the molecular recognition.8 In this study, new photoreactive 
MPC polymers, which can be bound covalently to various surfaces by ultraviolet (UV) 
irradiation were designed.9 The advantages of photoreactions are their short reaction time and 
positional selectivity. In addition, photoirradiation does not significantly damage the bulk 
properties of the prospective materials under select wavelengths.10  
  A photoreactive monomer with a phenylazide group (MPAz) is synthesized by the 
Schotten-Baumann reaction between 2-hydroxyethyl methacrylate (HEMA) and 
4-azidobenzoyl chloride in the presence of triethylamine (TEA). The phenylazide groups are 
decomposed by UV irradiation and form nitrene groups, highly reactive radical groups that can 
covalently bind to alkyl groups.11-14 Since MPAz is methacrylate, it can be polymerized with 
other monomers by conventional radical polymerization. MPC polymers containing MPAz 
units can be bound to not only polymers, but also metals and ceramics after alkyl groups are 
introduced on the surface using silane-coupling reaction.  
  In this chapter, the synthesis procedure for photoreactive MPC polymers, and the 
characterization results after the surface modification (surface wettability, resistance to protein 
adsorption, and cell adhesion) are presented.   
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2.2 Experimental 
2.2.1 Materials 
  MPC was synthesized according to a previously reported method.15 Thionyl chloride and 
4-azidobenzoic acid were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
TEA, HEMA, ligroin and n-butyl methacrylate (BMA) were purchased from Kanto Chemical 
Co., Inc. (Tokyo, Japan). HEMA and TEA were purified by distillation and fractions collected 
at the boiling points (bp) (74°C/0.6 kPa and 87°C, respectively), were used. 
n-Butyltrichlorosilane was purchased from Sigma-Aldrich (St. Louis, MO, USA). HeLa cells 
were obtained from the Riken Cell Bank (Tsukuba, Japan). Other reagents and solvents were 
commercially available in extra-pure grade and used without further purification. Cyclic 
polyolefin (CPO) was obtained from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan). Polyethylene 
(PE), polystyrene (PS), poly(methyl methacrylate) (PMMA), and polypropylene (PP) were 
commercially available products.  
 
2.2.2 Synthesis of photoreactive methacrylate, 
2-methacryloyloxyethyl-4-azidebenzoate  
  Fig. 2-1 shows synthetic route of MPAz. At first, 4-azidobenzoyl chloride was synthesized as 
follows:16 Thionyl chloride (37 g, 0.10 mol) was added to a solution of 4-azidobenzoic acid (12 
g, 0.080 mol) in benzene (74 g, 0.90 mol) and heated at 85°C for 4 h. After filtration, benzene 
and thionyl chloride were evaporated under reduced pressure. The remaining 4-azidobenzoyl 
chloride was dissolved again in ligroin (60 g) at 85°C and filtered to remove unreacted 
4-azidobenzoic acid. Ligroin was evaporated under reduced pressure to obtain 4-azidobenzoyl 
chloride. The functional group of 4-azidobenzoyl chloride was confirmed by Fourier-transform 
infrared spectroscopy (FT-IR; FT-IR-6300, Jasco, Tokyo, Japan) (Fig. 2-2). IR results are as 
follows (cm-1): 2122 (C−N3), 1763 (C=O), 839(C-Cl). The yield was 99.9%. 
  The resultant 4-azidobenzoyl chloride (9.0 g, 0.050 mol) was added to a 300-mL 
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three-necked, round-bottomed flask equipped with a dropping funnel, a thermometer, and a 
magnetic stirrer, and was dissolved in 80 mL of diethyl ether. After the solution was cooled to 
-2°C, HEMA (50 mmol) and TEA (50 mmol) were dissolved in 50 mL of diethyl ether, and this 
solution was added drop by drop to the stirred solution over a period of 1 h. The reaction was 
carried out for 20 h. After filtering the resulting triethylamine hydrochloride (TEAC), the 
solvent was evaporated under reduced pressure. The residues were dissolved in diethyl ether to 
precipitate residual TEAC, which was then filtered out of the solution. Following addition of 
diethyl ether, unreacted compounds were extracted using aqueous HCl (10 mM). A diethyl 
ether solution containing MPAz was dehydrated using anhydrous magnesium sulfate. After 
filtration to remove magnesium sulfate, the solvent was evaporated under reduced pressure, 
yielding MPAz in the form of a light yellow oily liquid. Upon freezing, MPAz converted to a 
light yellow solid. The structure of MPAz was analyzed using 1H nuclear magnetic resonance 
(NMR) spectroscopy (α-300, JEOL, Tokyo, Japan) in CDCl3 and FT-IR.  
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Fig. 2-1 Synthetic route of MPAz. 
 
 
 
 
 
Fig. 2-2 IR spectra of 4-azidobenzoyl chloride and 4-azidobenzoic acid. 
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2.2.3 Synthesis of photoreactive phospholipid polymers 
  Water-soluble photoreactive phospholipid polymers, poly(MPC-co-MPAz) (PMPAz) and 
poly(MPC-co-BMA-co-MPAz) (PMBPAz), were synthesized by a conventional radical 
polymerization.17 The desired amount of MPC, BMA, MPAz and 2,2-azobisisobutyronitrile 
(AIBN) as an initiator were dissolved in ethanol, and the solution was poured into a glass 
polymerization tube. After argon gas bubbling for 10 min to eliminate oxygen in the solution, 
the tube was sealed, and then the copolymerization was carried out at 60 °C for given periods. 
The reaction mixture was poured in an excess mixture of diethyl ether/chloroform (80:20 v/v) to 
precipitate the polymers. The precipitated polymer was collected by filtration and dissolved 
again in water to purify using dialysis under dark conditions, with the use of water as a dialysate 
and a membrane with a cutoff molecular weight of 3000. Next, the aqueous polymer solution 
was freeze-dried. The chemical structures of PMPAz and PMBPAz were confirmed using 
1H-NMR in CD3CD2OD. Molecular weight of the polymers was evaluated using gel permeation 
chromatography (GPC, Jasco, Tokyo, Japan) in a mixture of water and methanol (30:70 v/v), 
and retention times were compared with that of poly(ethylene glycol) (PEG) standard samples 
(Tosoh Co., Tokyo, Japan). 
 
2.2.4 Pretreatment of glass and metal substrates 
  Alkyl groups were introduced to the surface on glass and titanium using 
n-butyltrichlorosilane. After cleaning with oxygen plasma (PR500 plasma reactor; Yamato 
Science, Tokyo, Japan) (300 W, 100 mL/min flow) for 1 min, glass and titanium substrates 
were placed in a toluene solution containing n-butyltrichlorosilane (2.5 mM) for 1 h at room 
temperature.18 Next, these substrates were sonicated in toluene and methanol to obtain alkyl 
group-treated glass (AG) and alkyl group-treated titanium (AT), respectively. 
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2.2.5 Surface modifications 
  PMPAz and PMBPAz were dissolved in ethanol and the polymer concentration in the 
solution was adjusted to 0.20 wt%. Various material substrates were washed in ethanol before 
surface modification. Each substrate was immersed in a polymer solution for 10 sec, followed 
by solvent evaporation at room temperature and atmospheric pressure. Surfaces were 
subsequently irradiated with a UV lamp (UV Crosslinker, CL-1000, 254 nm, Funakoshi, Tokyo, 
Japan) for 1 min (500 mJ/cm2). The photoreaction of phenyl azide group of MPAz unit was 
confirmed by FT-IR spectroscopy with attenuated total reflection (ATR) equipment 
(IMV-4000; JASCO Co. Ltd., Tokyo, Japan).  
 
2.2.6 Surface characterization 
2.2.6.1 X-ray photoelectron spectroscopy analyses 
  The surface elemental composition of PMPAz73-modified CPO was confirmed using an 
X-ray photoelectron spectroscopy (XPS; AXIS-His165 Kratos/Shimadzu, Kyoto, Japan). The 
photoelectron take-off angle was fixed at 90°. All of the binding energies were referenced to the 
C1s peak at 285.0 eV and the corresponding peak areas were used to calculate the respective 
elemental composition. 
 
2.2.6.2 Contact angle measurements  
  The hydrophilicity of each surface after the photoreaction was evaluated by measurement of 
the air and water contact angles using a static contact angle goniometer (CA-W; Kyowa 
Interface Science Co., Tokyo, Japan). All substrates were immersed in water for 1 h after the 
photoreaction to remove unreacted polymers, and then dried in the atmosphere before contact 
angle measurements. For measurement of water contact angles under dry conditions, water 
droplets were brought into contact with the modified surfaces and the contact angles were 
measured within 10 sec using photographic images. Air contact angles were measured in water 
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by attaching the samples to a custom holder, which was transferred to a glass vessel filled with 
distilled water. After 5 min, air bubbles were introduced underneath each sample through 
U-shaped needles, and contact angles were measured using photographic images. Data were 
collected at 30 positions for each sample. 
 
2.2.6.3 Thickness measurements  
  The thickness of polymer layers on the various substrates was determined under dry 
conditions by using a spectroscopic ellipsometer (J.A. Woolam Co. Inc., Tokyo, Japan). The PS, 
PE, and AT substrates, and the polymer layers on each, were measured at an incident angle of 
70° in the visible region. The thickness of the modified polymer layers was determined using 
the Cauchy layer model with an assumed refractive index of 1.49 at 632.8 nm. Data were 
collected at three positions for each sample. 
 
2.2.7 Protein adsorption from human plasma 
  The albumin, fibrinogen and γ-globulin adsorption from a human plasma on 
PMPAz73-modified CPO surface was evaluated using the colloidal gold technique (Fig. 2-3). 
The substrates were placed into 24-well tissue culture plate and secured with silicone rubber 
ring. The substrates were contacted with phosphate buffered saline (PBS) (pH 7.4, ion strength 
0.15M) at room temperature for 1 h to equilibrate the surface, then with human plasma at 30°C 
for 1 h. After the substrates were rinsed with PBS, the surface was covered with 15 wt% non-fat 
dry milk solution containing ethylenediaminetetraacetic acid (2 mM) to inhibit any undesirable 
reactions with the following antibody. The substrates were kept at 4°C for one night, rinsed with 
PBS, and then incubated with the primary antibodies [1 wt% ovalbumin solution containing 
0.020 wt% of goat immunoglobulin of anti-human protein (polyclonal, Sigma Aldrich, St. 
Louis, MO, USA)] against albumin, fibrinogen and γ-globulin at 37°C for 1 h. The primary 
antibody that reacted with the adsorbed proteins was fixed with glutaraldehyde after rinsing the 
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substrates. The secondary antibody with 10 nm of gold colloid (rabbit anti-goat 
immunoglobulin-Gold, Sigma Aldrich) was added to each substrate and incubated at 37°C for 1 
h. The gold colloid remaining after rinsing was enhanced to 100–200 nm with silver (Silver 
Enhancer Kit, Sigma). The substrates were freeze-dried, sputtered with gold, and observed by 
scanning electron microscopy (SEM; SM-200, Topcon, Tokyo, Japan). 
 
2.2.8 Cell adhesive behavior 
  A cell adhesion test was performed using HeLa cells on the PMPAz73-modified PE substrate. 
PMPAz73 aqueous solution (0.20 wt%) was spotted on the PE at five drops over 500 µm 
intervals using a piezo-electronic inkjet-printing instrument, (DeskViewerTM, Cluster 
technology, Osaka, Japan) with a 60-µm-sized nozzle, and then irradiated with a UV lamp. The 
substrates were sterilized with ethanol, and then dried well, and placed in a 24-well tissue 
culture plate. The HeLa cells (4.0 × 104 cells/cm2) were routinely cultured on the substrate in the 
culture medium (Dulbecco’s modified Eagle’s medium, Gibco, Grand Island, USA) containing 
 
 
Fig. 2-3 Scheme of colloidal gold immunoassay. 
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10% fetal bovine serum at 37 °C for 2 d in a humidified atmosphere of air containing 5% CO2. 
After the medium was removed, the substrates were rinsed twice with PBS and then transferred 
to new wells. The cells on the surface were observed using an Olympus phase-contrast 
microscope (model 1x71, Tokyo, Japan). 
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2.3 Results and discussion 
2.3.1 Synthesis results of photoreactive phospholipid polymers 
  Photoreactive methacrylate, MPAz was synthesized according to the reaction shown in Fig. 
2-1. The yield was 47.7%. The chemical structure of MPAz was confirmed using 1H-NMR in 
CDCl3 and FTIR as shown in Fig. 2-4 and Fig. 2-5. The NMR results are as follows (ppm): 1.95 
(s, 3H, α-CH3), 4.47–4.53 (q, 2H, -CH2CH2), 4.55–4.58 (q, 2H, -CH2CH2), 5.59 (s, 1H, =CH2), 
6.14 (s, 1H, =CH2), 7.06–7.09 (d, 2H, benzyl), 8.02–8.05 (d, 2H, benzyl). The IR results are as 
follows (cm-1): 2115 (C−N3), 1714 (C=O), 1595(C=C). 
 
 
   
 
 
Fig. 2-4 NMR spectrum of MPAz. 
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  The PMPAz and PMBPAz were synthesized by radical polymerization of MPC and MPAz, 
or MPC, BMA and MPAz, respectively. The chemical structures and the results from the 
synthesis of PMPAz and PMBPAz are shown in Fig. 2-6 and Table 2-1, respectively. The 
monomer compositions in copolymers were controlled by their ratio in feed. GPC chart had 
only one peak assigned to the polymer, although all polymers show broad molecular distribution. 
All PMPAz and PMBPAz obtained in this study were soluble in water, ethanol, but insoluble in 
hexane, acetone and chloroform.  
 
 
Fig. 2-5 IR spectra of MPAz and HEMA. 
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Fig. 2-6 Chemical structures of photoreactive phospholipid polymers. 
 
 
 
Table 2-1 Synthesis results of photoreactive phospholipid polymers. 
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  Fig. 2-7 shows the IR spectra observed for PMPAz73-modified CPO before and after UV 
irradiation. The peak at 2128 cm-1 was assigned to the azide groups of the MPAz unit. After UV 
irradiation, this peak was disappeared, indicating that the azide groups were decomposed by UV 
irradiation with 500 mJ/cm2. 
  
 
 
Fig. 2-7 IR spectra observed for PMPAz73-modified CPO before and after UV 
irradiation.  
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2.3.2 Chemical properties of photoreactive phospholipid polymer layers 
  Fig. 2-8 shows the XPS spectra of the original CPO substrate and PMPAz73-modified CPO 
substrate. On the original CPO substrate, a strong peak assigned to C-C or C-H groups was 
observed at 285 eV in C1s region. On the PMPAz73-modified substrate, the peaks assigned to 
C-O and C=O were observed at 287 eV and 289 eV, respectively in the C 1s region. The large 
peaks were observed at 403 eV and 399 eV in the N1s region and at 133 eV in the P2p region. 
The peak at 399 eV was assigned to the azido group of the MPAz unit. The peaks at 403 eV and 
133 eV were assigned to the ammonium nitrogen and phosphate groups in MPC unit, 
respectively. Thus, it can be concluded that the CPO substrate was covered with PMPAz73. 
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2.3.3 Wettability of the surfaces after modification 
  As described in Section 1.3.4, the hydrophilicity is one of the common parameters to 
determine the antifouling property of the substrates.  
  Fig. 2-9 shows the water contact angle values of various substrates before and after surface 
modification with the (a) PMPAz series and (b) PMBPAz series. For all the substrates, the water 
contact angles decreased after surface modification with PMPAz73, PMBPAz631, and 
PMBPAz721. In the PMBPAz series, the water contact angles were approximately 20° higher 
than those seen in the PMPAz series, because of the presence of the BMA unit. Normally, 
poly(MPC-co-alkyl methacrylate) is used as a versatile coating material, and the amount of 
MPC is controlled at 30 mol% to avoid the detachment of the polymer after the coating process. 
The surfaces modified using conventional coating process exhibit large water contact angles 
under dry condition, similar to untreated surfaces. The hydrophobic alkyl methacrylate groups 
are enriched in the air, which decreases the surface free energy. Thus, a surface equilibration 
step with an aqueous solution is needed to arrange the phosphorylcholine group.19 However, 
using surface modification through chemical bonding, an MPC polymer with a higher MPC 
content can be used. One advantage of this method is that PMPAz- and PMBPAz-modified 
surfaces showed the expected hydrophilicity without requiring a surface equilibration step. In 
the PMPAz series, the water contact angles of PP and PE increased with decreasing content of 
MPAz. The results indicate that at least 30 mol% MPAz is needed for stable surface 
modification. In the PMBPAz series, although the MPAz unit is only present at 10 mol%, 
PMBPAz631 and PMBPAz721 were bound onto the substrates evenly. The azide groups of the 
MPAz unit are compatible with the substrates because of the hydrophobic BMA group, and 
thus can react with the substrate easily. However, the PMBPAz811-modified PP surface 
showed high contact angles. When the MPC content increases, the hydrophilic MPC unit 
prefers to exist near the substrates after the solvent evaporates, because air is hydrophobic. Thus, 
the azide groups of the MPAz unit cannot react with the substrate evenly. 
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  Fig. 2-10 shows the air contact angle values of various substrates, which were measured in 
water, before and after surface modification with the (a) PMPAz series and (b) PMBPAz series. 
In all substrates, the air contact angles increased after the surface modification with PMPAz73, 
PMBPAz631, and PMBPAz721. All treated substrates exhibited super-hydrophilicity in water 
due to the exposure of the hydrophilic MPC units, which reduce the interfacial free energy. 
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Fig. 2-9 Water contact angle values of various substrates before and after surface 
modification with the (a) PMPAz series and (b) PMBPAz series. 
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Fig. 2-10 Air contact angle values of various substrates, which were measured in water, 
before and after surface modification with the (a) PMPAz series and (b) PMBPAz series. 
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  A histogram analysis was conducted to compare the variability of contact angles on various 
substrates. Fig. 2-11 and Fig. 2-12 show the distribution of water contact angle values of various 
substrates before and after surface modification with PMPAz series and PMBPAz series, 
respectively. Fig. 2-13 and Fig. 2-14 show the distribution of air contact angle values of various 
substrates before and after surface modification with PMPAz series and PMBPAz series, 
respectively. In the both PMPAz and PMBPAz series, the distribution of the water contact 
angles shifted to lower values with increasing MPC unit. The surface exhibits hydrophilicity 
immediately in contact with the water when MPC unit content is high. However, for both water 
and air contact angle measurements, the variability of the contact angle values of PP and PE 
increased with increasing of MPC unit, (decreasing MPAz unit). As describe in Section 1.3.4, 
the critical surface tension values of PE and PP (olefine) are considerable low, indicating the 
surface is super-hydrophobic. Therefore, it can be speculated that the azide groups were difficult 
to react with the surface because the polymer would not come out of the solvent.  
  From these results, it can be concluded that PMPAz73, PMBPAz631 and PMBPAz721 are 
useful for surface modification of the various materials including olefine. 
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Fig. 2-11 Distribution of water contact angle values of various substrates before and after 
surface modification with PMPAz series.  
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Fig. 2-11 Distribution of water contact angle values of various substrates before and after 
surface modification with PMPAz series (continue). 
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Fig. 2-12 Distribution of water contact angle values of various substrates before and after 
surface modification with PMBPAz series. 
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Fig. 2-12 Distribution of water contact angle values of various substrates before and after 
surface modification with PMBPAz series (continue). 
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Fig. 2-13 Distribution of air contact angle values of various substrates before and after 
surface modification with PMPAz series. 
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Fig. 2-13 Distribution of air contact angle values of various substrates before and after 
surface modification with PMPAz series (continue). 
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Fig. 2-14 Distribution of air contact angle values of various substrates before and after 
surface modification with PMBPAz series. 
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Fig. 2-14 Distribution of air contact angle values of various substrates before and after 
surface modification with PMBPAz series (continue).  
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 2.3.4 Thickness of the photoreactive phospholipid polymer layers 
  The thickness of PMPAz73 layers on the substrates tested in this study ranged between 10 
nm and 50 nm, and did not change after immersion in water over 120 hours, indicating that the 
polymer layers attached stably on the substrates. Since PMPAz73 is water soluble polymer, 
these results indicate that these polymers were covalently bound to the substrates. 
 
 
2.3.5 Protein adsorption resistance on the photoreactive phospholipid polymer 
modified surfaces 
  The amount of plasma proteins adsorbed on the material surfaces is an important factor to 
determine the blood compatibility of the materials.20-22 Furthermore, the composition and 
structure change of adsorbed protein is strongly influences blood compatibility.23 The density 
and the composition of protein adsorbed on CPO surface from human plasma were evaluated 
by using the colloidal gold technique. In this method, the adsorbed proteins present in the 
 
 
Fig. 2-15 Immersion time dependence of the polymer layer thickness on the various 
substrates. 
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outermost layer are specifically detected by immunolabeling. Fig. 2-16 shows SEM images of 
PMPAz73-modified CPO surface after contact with human plasma proteins. White dots on the 
surface were colloidal gold particles enlarged with a silver enhancer procedure, which 
correspond to the adsorbed protein. All proteins tested, albumin, fibrinogen and γ-globulin 
adsorbed on the unmodified CPO surface. Normal human plasma contains albumin (35〜45 
mg/mL), fibrinogen (2.0〜4.0 mg/mL), γ-globulin (6〜17 mg/mL). Although the ratio of 
fibrinogen in human plasma is low, a lot of white dots were observed on CPO surface. Thus, a 
large amount of fibrinogen adsorbed on the outermost surface. On the other hand, a small 
amount of white dot was observed on PMPAz73-CPO and PMB30-CPO surface (control), 
indicating all protein adsorption was suppressed.  
  In culture, cell adhesion occurs after adhesive protein adsorbs from the culture medium onto 
substrate.24,25 The adsorbed proteins cause the structure change and amino acid sequence that 
affect cell adhesion is exposed. Fig. 2-17 shows the phase microscope images of HeLa cell 
adhesion on the PMPAz73-modified PE surface. It is clearly observed that the cells did not 
adhere to the PMPAz73-modified areas, even when the cell adhesion reached confluency. It can 
be considered that PMPAz73 suppressed the adsorption of cell-adhesive proteins from the 
culture medium and prevented cell adhesion.  
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2.4 Conclusions 
  Water-soluble photoreactive polymers, PMPAz and PMBPAz, with different monomer 
compositions were successfully synthesized by a conventional radical polymerization. The 
surfaces of various materials were made to super-hydrophilic with the PMPAz and PMBPAz 
bound covalently to the surface by quick UV irradiation. In the case of PMPAz series, at least 
30 mol% of MPAz units were needed for reaction with super-hydrophobic substrate such as PE 
and PP. On the other hand, in the case of PMBPAz, 10mol% of MPAz units was enough for the 
reaction due to the presence of hydrophobic BMA units. Protein adsorption from human plasma 
was effectively reduced and the cell adhesion was suppressed completely at the modified areas. 
PMPAz and PMBPAz are useful to provide an anti-protein adsorption surface. 
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3.1 Introduction 
  In this chapter, the preparation scheme and characterization results of the molecular 
recognition surface for the target biomolecules are presented. As described in Section 1.2.3, 
molecular imprinting is a powerful tool to construct recognition sites of target molecules. 
However, recognition of proteins using this technology remains to be a challenge because of 
their fragility, complexity and flexible conformation. In a typical molecular imprinting process 
that involves cross-linking of polymer chains, the molecular recognition sites are polymerized 
with the functional monomers and fixed on the polymer chains.1-5 However, shrinking of the 
polymer chains during the polymerization process may lead to loosening of specific recognition 
and polymerization heat occasionally causes denaturation of biomolecules.6 To address these 
issues, a new protein imprinting procedure based on molecular integration was proposed in the 
present study (Fig. 3-1).  
  Photoreactive poly(MPC-co-MPAz) (PMPAz) described in Chapter 2 was used as a matrix 
to inhibit nonspecific adsorption of proteins and to achieve rapid immobilization of 
biomolecules under mild conditions. Surfactants interact with proteins through electrostatic and 
hydrophobic interactions in an aqueous medium and can serve as artificial ligands with high 
mobility to bind to target proteins at multiple sites. 7-10 It is well known that surfactants interact 
with proteins in an aqueous medium and cause their denaturation. According to Jones, 
 
 
Fig. 3-1 New protein imprinting procedure based on molecular integration. 
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surfactants such as sodium dodecyl sulfate (SDS) bind to proteins, four characteristic stages as 
illustrated schematically in Fig. 3-2.11  
(a) The initial binding of surfactants to specific high-energy sites of protein. (b) The slow rising 
part of the binding of surfactants in a non-cooperative interaction. (c) The binding of a much 
larger number of surfactants in a cooperative interaction. (d) Beyond the saturation point, the 
binding isotherm shows a plateau. Turro et al. reported that at the lowest concentration of 0.10 
mM SDS (Fig. 3-2 Region (a), Fig. 3-3 (a)), 6 SDS molecules were bound to each bovine serum 
albumin (BSA) molecule without causing denaturation.12 At higher concentration of SDS, 
unfolding (denaturation) of the protein is believed to occur in the cooperative binding region 
(Fig. 3-2 Region (c), Fig. 3-3 (c)). Based on these reports, it was hypothesized that low 
concentration surfactants, could function well as a specific ligand for protein imprinting. 
 
Fig. 3-2 Schematic representation of the number of bound ligands per protein molecule as 
a function of the logarithm of the free ligand concentration.Modified from 11 
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   As described in Section 1.2.3, various molecular imprinting approaches such as bulk, 
surface, and epitope are reported.13 Among them, the surface molecular imprinting approach has 
an advantage because the imprinted protein can be removed more easily from the substrate 
surface. In this study, silica beads with a single layer of the protein were used for surface 
imprinting of the protein. 
 
 
3.2 Experimental 
3.2.1 Materials 
  Porous silica beads (average particle diameter: 15 µm; average pore diameter: 7 nm) were 
obtained from Fuji Silysia Chemical (Tokyo, Japan). Polyethylene (PE) substrate with a 
thickness of 0.2 mm was obtained from Sarstedt (Newton, NC, USA). One of the commonly 
used 2-methacryloyloxyethyl phosphorylcholine (MPC) polymers, poly(MPC-co-n-butyl 
methacrylate(BMA)) (PMB) were synthesized as reported.14 PMB30 and PMB80 have an MPC 
unit composition of 30% and 80%, respectively. Bovine serum albumin (BSA, A-8022) and 
p-nitrophenylchloroformate were purchased from Sigma-Aldrich (St. Louis, MO, USA).  
Rabbit anti-bovine fibronectin polyclonal antibody (AB2047, Chemicon, Pittsburgh, PA, USA) 
and anti-rabbit IgG conjugated with horseradish peroxidase (HRP; R&D Systems, Minneapolis, 
 
 
Fig. 3-3 Protein unfolding by surfactant interaction. 
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MN, USA) were purchased from Funakoshi (Tokyo, Japan). Other reagents and solvents were 
commercially available in extra-pure grade and used without further purification.  
  
3.2.2 Preparation of protein-imprinted surfaces 
3.2.2.1 Preparation of protein stamp beads 
  The silica beads were used to make protein stamps prepared in two ways, physical adsorption 
and covalent bonding.  
 
Protein stamps: physical adsorption type 
  Silica beads (10 mg) were cleaned with oxygen plasma (PR500 plasma reactor; Yamato 
Science, Tokyo, Japan) (300 W, 100 mL/min flow) for 20 min and then mixed with a solution 
of the target proteins in 1.5-mL Eppendorf tubes at room temperature for 1 h. The excess 
proteins were washed 3 times with water for 10 min each.  
  The amount of adsorbed proteins was calculated by an adsorption isotherm. Briefly, target 
protein solutions in PBS (pH 7.4, ionic strength 15 mM, concentrations of 0–0.30 mg/mL) were 
 
 
Fig. 3-4 Schematic illustration of protein stamp-physical adsorption and covalent bond type. 
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mixed with the silica beads on a shaker at room temperature for 1 h. Following centrifugation to 
remove the silica beads, the protein concentration in the supernatant was determined by UV 
absorption at 280 nm. The amount of adsorbed proteins on the silica beads was determined by 
subtracting the concentration of the supernatant from the equilibrium concentration of proteins 
in the solution and the adsorption isotherm was prepared by plotting these values. 
 
Protein stamps: covalent bond type 
  To immobilize the imprinting proteins on the silica beads surface, MPC polymer with a 
silanol group and an active ester group, poly(MPC-co-3-methacryloxypropyl trimethoxysilane 
(MPTS)-co-p-nitrophenyloxycarbonyl polyethyleneglycol methacrylate (MEONP)) (PMSiN) 
was synthesized.  
  MEONP was synthesized according to a previously reported method.15 The chemical 
structure of MEONP was confirmed using 1H nuclear magnetic resonance (NMR) spectroscopy 
 
 
Fig. 3-5 Process for preparing the protein stamp-covalent bond type.  
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(α-300, JEOL, Tokyo, Japan) in CDCl3. PMSiN was synthesized by a conventional radical 
polymerization method in ethanol using 2,2-azobisisobutyronitrile (AIBN) as a radical 
polymerization initiator. Desired amounts of MPC, MPTS, and MEONP (monomer molar 
fractions were 0.70, 0.10, and 0.20, respectively, and total monomer concentration was 0.50 M) 
and AIBN (5.0 mM) were used for polymerization. Polymerization was carried out at 60°C for 
7 h. The product was purified by precipitating the reaction mixture in an excess volume of 
diethyl ether/chloroform (80/20 v/v). After precipitation, the PMSiN was dissolved again in 
ethanol and residual diethyl ether and chloroform were removed by evaporating under reduced 
pressure. The final concentration of the PMSiN-ethanol solution was adjusted to 5.0 wt% and 
stored in at -20 °C. The chemical structure of the PMSiN was confirmed using 1H-NMR in 
ethanol-d6. Molecular weight of the polymers was evaluated using gel permeation  
chromatography (GPC, Jasco, Tokyo, Japan) in 1,1,1,3,3,3-hexafluoroisopropanol, and 
retention time was compared with that of the poly(methyl methacrylate) standard (Showa 
Denko, Tokyo, Japan). The chemical structure of PMSiN is shown in Fig. 3-6. 
 
 
Fig. 3-6 Chemical structure of PMSiN. 
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  Silica beads (0.50 g) were cleaned using oxygen plasma and mixed with 25 mL of ethanol 
solution containing 0.20 wt% PMSiN on shaker at room temperature for 1 h. Then, the beads 
were filtered and transferred to a Teflon® dish for solvent evaporation under atmospheric 
pressure before heating at 70°C for 3 h for reaction with PMSiN. Finally, the beads were 
washed with ethanol for 1 h to remove unreacted PMSiN, after which they were filtered and 
dried under a vacuum. The surface elemental composition of silica beads after reaction with 
PMSiN was confirmed using an X-ray photoelectron spectroscopy (XPS; AXIS-His165 
Kratos/Shimadzu, Kyoto, Japan). The photoelectron take-off angle was fixed at 90°. All of the 
binding energies were referenced to the C1s peak at 285.0 eV and the corresponding peak areas 
were used to calculate the respective elemental composition. The surface morphology of silica 
beads was observed using scanning electron microscopy (SEM; SM-200, Topcon, Tokyo, 
Japan).  
  To immobilize the target protein, PMSiN-silica beads (10 mg) were mixed with the protein 
solutions (0.10-1.0 mg/mL, pH 7.8 phosphate buffer (PB), ionic strength 15 mM) on a shaker at 
4°C for 48 h. 
  The amount of immobilized proteins on PMSiN-silica beads was determined on the basis of 
the UV absorbance of the supernatant at 400 nm by using UV/visible spectroscopy (V-560, 
Jasco Co., Tokyo, Japan); absorbance was based on the p-nitrophenoxy anion released during 
the protein immobilization reaction. After rinsing the beads with pH 7.8 phosphate buffer 
solution for 10 min, the remaining active ester groups were deactivated using a 
glycine-containing solution (1.0 mg/mL, pH 7.8 PB) at 4°C for 24 h. The beads were washed 3 
times with water for 10 min each. 
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3.2.2.2 Protein imprinting 
  The process for preparing the protein-imprinted surface is summarized in Fig. 3-7. Protein 
stamp beads were mixed with an aqueous solution PMPAz73 (2.5 mg/mL) and SDS (1.0 x 10-9 
mol). The suspension (50 µL) was added to the substrate and dried at 25°C for overnight. The 
substrates were irradiated using a UV lamp for 1 min (254 nm, 500 mJ/cm2). After 
photoreaction, the protein stamps were detached from the substrate by sonication. The 
non-imprinted surface (NMIP) was also prepared using silica beads without target proteins.  
  SDS, an anionic surfactant was chosen as the ligand for specific binding of BSA. SDS was 
integrated in the PMPAz surface to make the molar ratio between the ligand and the adsorbed 
imprinted proteins to be 5:1. To suppress non-specific protein adsorption to the region outside 
the recognition sites, PMPAz73 was closslinked via photoreaction on to the PE substrate and the 
alkyl groups of the surfactants were integrated. After the photoreaction, the protein stamp beads 
 
 
Fig. 3-7 Process for preparing the protein-imprinted surface. 
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were physically removed from the matrix, but the surfactants that had bound to the target 
proteins remained on the polymer substrate to function as ligands for immobilization of target 
molecules. 
 
3.2.3 Circular dichroism measurements 
  The influence of SDS and UV irradiation on the protein structure was determined using 
circular dichroism (CD) (Jasco, J-720W, Tokyo, Japan). BSA was dissolved in PBS (pH 7.4, 
ion strength 15mM) to obtain concentration of 0.10 g/dL and was separated into 2 bottles. 1 
bottle was diluted by SDS solution (molar ratio of BSA and SDS is 1:5, it is same condition as 
procedure of BSA-imprinted surface (BSA-MIP)), and other was diluted by PBS. The final 
concentration of BSA was 0.010 g/dL, and the solution was put in a quartz cell with a path 
length of 10 mm. The BSA solution without SDS was irradiated by UV (254 nm, 500 mJ/cm2) 
before measurement. The CD spectrum was recorded between in the range of 200 and 340 nm. 
The mean molar residual ellipticity [θ] at a specific wave-length was calculated from the results 
of CD and the BSA concentration. The secondary structure of BSA was estimated from the [θ] 
value. According to Greenfield and Fasman, the [θ] value for poly(L-lysine) chains with 100% 
α-helix content at 222 nm was −4.0 × 104.16 The α-helix content of the BSA was estimated using 
the following equation: 
α-helix (%) = [ [θ]222*100] / -4.0 x 104 
 
3.2.4 Characterization of protein-imprinted surfaces 
  The surface morphology of the NMIP substrate was examined using SEM, and the surface 
elemental composition was analyzed using XPS under the same condition as that of silica beads 
surface measurement. The thickness of PMPAz layer on PE substrate was measured using 
atomic force microscope (AFM, Nihon Veeco, Tokyo, Japan) operated in the tapping mode. 
AFM measurement was performed under ambient conditions using a standard cantilever at a 
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scan rate of 1.0 Hz.  
 
3.2.5 Evaluation of the residual imprinting proteins 
  Two sets of BSA-imprinted surface (BSA-MIP) were prepared using physical adsorption 
type and covalent bond type protein stamps. The amount of remaining BSA on the surface after 
preparation of BSA-MIP was determined by enzyme-labeled immunoassay (ELISA).17 ,18 To 
prevent antibody from adsorbing, the bottom side of the substrate was coated with PMB30 by 
solvent evaporation with 0.20 wt% ethanol solution. The substrates were placed in 24-well 
tissue culture plates and after rinsing with PBS, incubated with the primary antibody at 37°C for 
60 min. After rinsing with PBS, PMB80 in an aqueous solution (0.50 wt%) was added to each 
well as a blocking reagent. Subsequently, HRP-labeled secondary antibody was added to each 
well, followed by incubation at 37°C for 60 min. The substrates were transferred to new wells 
and mixed with 3,3’,5,5’-tetramethyl benzidine (TMBZ) solution (Color formation kit, 
SUMILON, Tokyo, Japan) at room temperature for 20 min protected from light. The 
absorbance of TMBZ solution was measured at 490 nm using a microplate reader (Wallac 1420 
ARVOsr, Perkin Elmer, USA). 
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3.3 Results and discussion 
3.3.1 Characterization of protein stamp beads 
Physical adsorption type: 
  The amount of BSA adsorbed on the silica beads was measured by adsorption experiment. 
The experimental data fitted well to the Langmuir equation, and the maximum amount of BSA 
adsorbed to the silica beads was found to be 5 mg/g beads.   
 
 Covalent bond type: 
  PMSiN to immobilize the imprinting protein on the silica beads surface was designed. 
PMSiN can react with the MPTS unit on the silica bead surface via a silane coupling reaction, 
and imprinted proteins can be immobilized using the MEONP unit.19-21 MPC units play an 
important role in immobilized protein stabilization.22-25 The surface morphology of the silica 
beads was not affected by the reaction to PMSiN (Fig. 3-8).  
   
 
 
 
 
 
Fig. 3-8 SEM image of the silica beads after reaction with PMSiN. 
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  Fig. 3-9 shows the result of XPS analysis of silica beads surface. On the original silica beads, 
large intensities were observed at 533 eV and 104 eV in the O1s and Si2p., respectively. On the 
surface of PMSiN reacted silica beads, strong peaks were observed at 285 eV, 287 eV and 289 
eV in C1s region. These peaks were assigned to C-C or C-H, C-O and C=O groups, respectively. 
In addition, small peaks assigned to the MPC unit were observed at 402 eV and 133 eV in the 
N1s and P2p regions, respectively. This result indicates that the silica beads were covered with 
PMSiN.  
 
  The total amount of MEONP units on the silica beads (6.6 × 10-10 mol/mg) was evaluated 
using UV spectroscopy after complete hydrolysis of the p-nitrophenyloxycarbonyl units in 0.20 
M NaOH aqueous solution. The active ester groups were labile to the primary amino groups of 
the biomolecules, and a carbamate linkage is produced after bioconjugation. When BSA was 
used as the target proteins, the amount immobilized to silica beads was 3.3 × 10-10 mol. This 
suggests that 50% of the active ester group was used to immobilize the proteins, and the 
remaining active groups were deactivated through reaction with glycine. 
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3.3.2 Secondary structure of bovine serum albumin during protein imprinting 
process 
  Fig. 3-10 shows the CD spectra of BSA before and after exposure to UV irradiation or SDS 
solution. Before and after photoreaction, the molar ellipticity of BSA was -16576.5 deg cm2 
dmol-1 and -16340.8 deg cm2 dmol-1 at 222 nm, and  α-helix content was 41.4% and 40.9%, 
respectively. Following exposure to the SDS containing solution, the molar ellipticity of BSA 
was -16261.5 deg cm2 dmol-1 at 222nm, and the  α-helix content was 40.1%, similar to the 
original value. These results indicated that the secondary structure of BSA would not be affected 
during protein imprinting process. 
 
 
 
 
 
 
 
Fig. 3-10 CD spectra of BSA. 
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3.3.3 Characterization of protein-imprinted surfaces  
  The surface elemental composition of after photoreaction was analyzed using XPS. Fig. 3-11 
presents representative XPS spectra of N1s and P2p of the original PE substrate and the NMIP 
substrate. On the NMIP substrate, large intensities were observed at 403 eV and 399 eV in the 
N1s region and at 133 eV in the P2p region. The intensity at 399 eV was assigned to the azido 
group of the MPAz umit. The intensities at 403 eV and 133 eV were assigned to the ammonium 
nitrogen and phosphate groups in MPC unit, respectively. Thus, it can be concluded that the 
NMIP substrate was covered with PMPAz. 
 
 
   
 
 
 
 
 
 
 
Fig. 3-11 XPS spectra of the PE substrate and the NMIP substrate. 
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  SEM was used to examine the morphology of NMIP substrate (Fig. 3-12). The dimples with 
diameters of 7 µm were observed on the surface, indicating that PMPAz reacted with the PE 
substrate and formed a thick layer, embedding a portion of the silica beads. However, the azido 
groups did not react with the silica beads, which were then easily removed from the PMPAz 
layer.  
 
  
 
 
 
 
 
 
 
   
 
 
 
Fig. 3-12 SEM image of the NMIP substrate. 
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  Fig. 3-13 shows the AFM image of the NMIP substrate. The dimple with diameter of 7 µm 
and depth of 300 nm was observed. 
 
     
 
  It is important to remove imprinting proteins from the molecular recognition surface to 
maximize target protein capture. Fig. 3-14 shows the result of ELISA to quantify the residual 
proteins compared to the PE that was used as control to determine background value. A high 
value was detected on the surface prepared using physical adsorption type-protein stamps 
(BSA-MIP-1). This suggests the target protein, BSA was remaining on the surface after 
removing protein stamps. In contrast, on the surface prepared using covalent bond type-protein 
stamps (BSA-MIP-2), the value was similar to that of PE, indicating the target protein was 
removed from the surface.  
 
 
Fig. 3-13 AFM image of the NMIP substrate. 
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Fig. 3-14 Evaluation of the residual imprinting proteins. 
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3.4 Conclusions 
  A new protein imprinting procedure based on molecular integration was developed for 
specific protein recognition. First, protein stamps were prepared for imprinting of the target 
protein on the polymer surface. SDS molecules were arranged onto the proteins on the silica 
beads as ligands and fixed with PMPAz to construct a molecular imprinting layer on the PE 
substrate. By using covalent bond type-protein stamp for imprinting, the target protein was 
removed effectively from the matrix together with silica beads after polymerization. 
Furthermore, this protein imprinting procedure was shown not to affect the secondary structure 
of the target protein. 
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4.1 Introduction 
  In chapter 2 and 3, the preparation method and characterization results of protein-imprinted 
surface were discussed. In this chapter, the experimental results to demonstrate successful 
detection of target proteins are described. As described in chapter 3, the surface imprinting 
approach is affective in removal of imprinted proteins from the molecular recognition surface 
after the polymerization. Since only small amount of proteins are imprinted during surface 
molecular imprinting, a highly sensitive detection system is necessary for determining the 
concentration of captured target proteins.1-5 Molecular labeling such as fluorescent is generally 
used for detection of target molecules when high sensitivity is needed. However, it may cause 
the structural change of proteins and affect its binding properties. 6-9 Therefore, a deep-UV 
fluorescence imaging microscope (UVFLIM) was used for detection of captured target proteins 
in the present study.10-13 UVFLIM can be used to detect biomolecules at the single-molecule 
level by using intrinsic fluorescence without molecular labeling. Bovine serum albumin (BSA) 
and ovalbumin (OVA) were selected as model target proteins, and imprinted on a quartz slide. 
The effectiveness of the ligand surfactants and selectivity against BSA and OVA was evaluated 
using UVFLIM. 
 
4.2 Experimental 
4.2.1 Materials 
  Bovine serum albumin (BSA, A-8022), ovalbumin (OVA, A-5503), n-butyltrichlorosilane 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
2-(Carbomethoxy)ethyltrichlorosilane was purchased from Gelest, Inc. Quartz slide glass (24 × 
24 × 0.15–0.18 mm3) was purchased from Tosoh Quartz Corp. (Yamagata, Japan). Other 
reagents and solvents were commercially available in extra-pure grade and used without further 
purification. 
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4.2.2. Preparation of protein-imprinted surfaces for the Deep-UV fluorescence 
imaging microscope measurements 
   For the detection of capture proteins using UVFILM measurements, a quartz substrate was 
used as the base material for the protein imprinting. First, alkyl groups were introduced on the 
quartz substrate to react with PMPAz. After cleaning with oxygen plasma (PR500 plasma 
reactor; Yamato Science, Tokyo, Japan) (300 W, 100 mL/min flow) for 10 min, the quartz 
substrate was placed in toluene solution containing n-butyltrichlorosilane (50 mmol) and 
2-(carbomethoxy)ethyltrichlorosilane (50 mmol) at room temperature for 1 h. Next, the quartz 
substrate was washed by sonication in toluene and in methanol. Protein stamps (covalent bond 
type) of BSA and OVA were prepared and imprinted by PMPAz integrated with SDS on the 
quartz substrate. The protein imprinting procedure for the UVFLM is shown in Fig. 4-1. 
 
 
Fig. 4-1 Process for preparing the protein-imprinted surface. 
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4.2.3 Scanning electron microscope observation of protein-imprinted surfaces   
  The surface morphology of protein-imprinted surface on the quartz was observed using 
scanning electron microscope (SEM).  
 
4.2.4 Fluorescence measurements 
  The intrinsic fluorescence of BSA and OVA in solution was measured using a fluorescence 
spectrophotometer (FP-6500, Jasco., Ltd., Tokyo. Japan). BSA and OVA were dissolved in 
PBS (pH 7.4, ion strength 15mM) to obtain 1.0 mg/mL. The fluorescence spectra were recorded 
from 300 to 500nm. For excitation spectra and UVFLIM measurement, emission wavelength of 
266 nm was used.  
 
4.2.5 Deep-UV fluorescence imaging microscope measurements 
  Capture target proteins were detected using UVFLIM (Fig.4-2) with consists of a 266-nm 
UV mode-locked diode-pumped picosecond laser (model GE-100-XHP-FHG, 
Time-Bandwidth Products, Inc., Switzerland). The laser system provides pulses with a duration 
of <10 ps and a repetition rate of 40 MHz; the laser has a maximum power output of 30 mW. 
The laser power was adjusted by inserting different neutral density filters (Melles Griot). The 
polarized laser beam was split 50/50 by a beam splitter (Laser Components GmbH, Germany), 
sending 50% into a high-speed photodiode module (Becker & Hickl GmbH, Berlin, Germany), 
which is used as deriving the synchronization signal for triggering of the time-correlated 
single-photon (TCSPC) module. The second beam passed an excitation filter (model 254WB25, 
Omega Optical) and is directed into the quartz microscope objective (40 ×, NA = 0.80, Partec 
GmbH, Münster, Germany) by a dichroic beam splitter (model 290DCLP, Omega Optical). 
Surface scans were performed by moving the sample with a motorized x,y-translation stage 
(Märzhäuser, Wetzlar, Germany). The fluorescence light was collected by the same objective 
and transmitted through the dichroic mirror. An achromatic lens (LAU-25-200, OFR Inc., 200 
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mm focal distance) focuses the light onto a pinhole. After the pinhole, the fluorescence emission 
is detected by a high-speed photomultiplier tube (PMT) detector head (model PMH-100-6, 
Becker & Hickl GmbH). Two emissions band-pass filters (model 330WB60, Omega Optical) 
-one positioned directly after the lens, and the other positioned directly in front of the 
detector-discriminate fluorescence against scattered light. The signal pulses of the PMT were 
fed into a TCSPC PC interface card (SPC-630, Becker & Hickl GmgH, Berlin, Germany) to 
acquire fluorescence signal. Software using C++ program was developed for synchronization of 
the scanning motion with the data acquisition and recording the fluorescence intensity imaging.  
   
  After adding BSA solution (2.0 × 10-6 M) and OVA solution (2.0 × 10-6 M) to the 
non-imprinted surface (NMIP), the BSA-imprinted surface (BSA-MIP) and the OVA-imprinted 
surface (OVA-MIP) for 2 h, substrates were rinsed with water and dried under nitrogen gas. The 
substrates were placed onto the x,y scanning stage and intrinsic tryptophan emission was 
 
 
Fig. 4-2 Setup for UVFLIM system.11 
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recorded after one-photon excitation at 266 nm. The microscopy objective of UVFLIM focus 
laser beam to a size of the illumination point about 1 micrometer in diameter and 3 µm deep. 
This ensured that, when the scanning images are taken, all fluorescence generated from 
protein-imprinted layer is measured because the thickness is between 100 nm and 400 nm 
(Section 3.3.3). The fluorescence intensity of all samples was normalized to same intensity level 
using MATLAB software. 
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4.3 Results and discussion 
4.3.1 Characterization of protein-imprinted surfaces 
  Fig. 4-3 shows the SEM image of the surface prepared using silica beads without target 
proteins (NMIP) on the quartz substrate. Silica beads produced 5 µm dimple-shaped patterns. 
This indicates that PMPAz reacted with alkyl groups on the quartz substrate to form a thick 
layer that embedded only small portion of the 15 µm diameter silica beads. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-3 SEM image of NMIP on the quartz substrate. 
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4.3.2 Intrinsic fluorescence of bovine serum albumin and ovalbumin 
   Fig. 4-4 shows the fluorescence spectra of BSA and OVA solution. The intrinsic 
fluorescence based on aromatic amino acid residues of proteins was detected.14 Chemical 
parameters of BSA and OVA are summarized in Table 4-1. Since BSA has a greater number of 
aromatic amino acid residues compared to OVA. Therefore, fluorescence intensity of BSA was 
higher than that of OVA.  
 
 
 
Fig. 4-4 Fluorescence spectra of BSA and OVA solutions. 
 
 
 
Table 4-1. Chemical parameters of BSA and OVA. 
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4.3.3 Target protein detection 
  The fluorescence based on tryptophan (Trp) residues of proteins was detected by UVFLIM. 
The lack of fluorescence on the substrate before target protein addition indicated that the 
imprinted proteins had been removed from the matrix after photoreaction. The color maps of 
fluorescence intensity after addition of the BSA solution to NMIP and BSA-MIP substrates 
with or without ligands are shown in Fig. 4-5. No fluorescence was detected on the NMIP 
substrates with or without the SDS ligands. Although the same amounts of SDS molecules are 
used for both NMIP and BSA-MIP, BSA was not captured on NMIP, indicating that the 
arrangement of SDS ligands against the imprinted proteins is important for capturing target 
proteins. Additionally, these results indicated that nonspecific protein adsorption was suppressed 
on the PMPAz surface.  
  In contrast, a strong, dimple-shaped fluorescence pattern on the BSA-MIP substrate with 
SDS ligands was observed, while no fluorescence was observed on the BSA-MIP substrate 
without ligands. These results indicated that the binding sites for BSA were successfully 
constructed by molecular imprinting with SDS ligands. When SEM images (Fig. 4-3) and 
UVFLIM results were compared, the target protein, BSA, was captured only on the region 
where BSA was imprinted by the stamp, and the rest of the surface was free of nonspecific 
protein adsorption. That is, protein recognition sites were prepared on the surface which provide 
anti-protein adsorption. These results provided evidence that the protein-imprinted surface could 
capture the target protein high sensitivity.  
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4.3.4 Selective protein detection 
  Both BSA-MIP and OVA-MIP substrates were prepared to confirm selective capturing of 
BSA and OVA. UVFILM results are shown in Fig. 4-6. As summarized in Table 4-1, BSA and 
OVA possess different numbers of aromatic amino acid residues, including tryptophan (Trp), 
tyrosine (Tyr), and phenylalanine (Phe), which determine the intrinsic fluorescence of these 
molecules. The intrinsic fluorescence of Tyr is approximately 100 times weaker than that of Trp 
due to a low extinction coefficient, while the fluorescence emission of Phe is negligible due to a 
low extinction coefficient and low quantum efficiency.12 Additionally, transmission of Tyr and 
Phe fluorescence through the emission filter set of UVFLIM is very low due to the blue-shifted 
emission maximum relative to Trp.11 Therefore, the fluorescence of BSA and OVA was 
dominated by Trp residues in this measurement. Since both BSA and OVA have the same 
number of Trp residues in 1 molecule, it can be possible to compare the fluorescence intensity 
between them. After contact with BSA, strong fluorescence was observed only on the 
BSA-MIP substrate. In contrast, after contact with OVA, strong fluorescence was observed only 
on the OVA-MIP substrate. Selective capturing against target proteins was observed for the 
protein-imprinted substrate. Equal numbers of SDS molecules were used as a ligand. Since 
BSA and OVA display similar isoelectric points, these results indicate that protein capturing 
observed on these substrates was not due to simple electrostatic interaction between proteins and 
SDS ligands, but specific arrangement and density of SDS ligands were important for selective 
capturing.  
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4.4 Conclusions 
  Target protein capturing on molecular-imprinted substrates was demonstrated by label-free 
detection using UVFILM. The results of this study provided evidence that the binding sites of 
target proteins, BSA or OVA, were successfully constructed by integration of SDS molecules. 
In addition, PMPAz suppressed nonspecific protein adsorption and supported the selective 
rebinding of target proteins. The protein-imprinted surface exhibited selectivity in molecular 
recognition between BSA and OVA, proteins that are similar in molecular weight and 
isoelectric point. These results clearly demonstrated the importance of integrating ligands for 
target proteins with a suitable position and constructing the binding sites. 
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5.1 Introduction 
  As described in Section 1.3.3, cell adhesion to the extracellular matrix (ECM) plays a role in 
regulating cellular events such as cell proliferation, migration, differentiation and survival.1,2 On 
tissue culture polystyrene dishes that are commonly used for cell culture, serum proteins are 
adsorbed nonspecifically from cell culture medium and the cells adhere through interactions 
between integrin receptor and adsorbed cell adhesive proteins.3-5 Based on this concept, various 
material surfaces have been developed by conjugating ligands against cell adhesion receptors 
and different behaviors of cells on these material surfaces have been reported.6,7 Thus, designing 
material surfaces for spatially directed cell capture may allow for further elucidation of the 
functions of various type of cells. 
  In this chapter, application of the protein-imprinted surface described previous chapters to cell 
capturing is presented. Specifically, the surface was designed so that cell adhesive fibronectin 
(FN) from cell culture medium is adsorbed on the molecular recognition sites selectively to 
guide cell adhesion (Fig. 5-1).8,9  Non-imprinted surface (NMIP) and BSA-imprinted surface 
(BSA-MIP) were prepared as controls and the cell adhesion on the NMIP, BSA-MIP and 
FN-imprinted surface (FN-MIP) was evaluated. In a separate experiment, FN was imprinted in 
a specific pattern using photoreaction10-13 of PMPAz with a photomask to direct cell adhesion to 
specific areas. Such surfaces may be useful for elucidation of cell function including cell-cell 
interactions.14-16 Additionally, by changing the kinds of ligands, it can be potentially used for 
separation of cells with different functions.  
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5.2 Experimental 
5.2.1 Materials 
  Fibronectin (FN) from bovine plasma (F1141, 1 mg/mL solution. cell culture treated sterile) 
was purchased from Sigma-Aldrich (St. Louis, MO, USA).  Rabbit anti-bovine fibronectin 
polyclonal antibody (AB2047, Chemicon, Pittsburgh, PA, USA) and anti-rabbit IgG conjugated 
with horseradish peroxidase (HRP; R&D Systems, Minneapolis, MN, USA) were purchased 
from Funakoshi (Tokyo, Japan). The L929 and HeLa cells were obtained from the Riken Cell 
Bank (Tsukuba, Japan). Poly(MPC-co-n-butyl methacrylate(BMA)) (PMB30) with an MPC 
unit composition of 30%, was synthesized as reported. Other reagents and solvents were 
commercially available in extra-pure grade and used without further purification.	  
 
 
 
 
Fig. 5-1 Cell capture in the protein-imprinted surface. 
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5.2.2. Preparation of protein-imprinted surfaces for cell capturing 
  Protein stamps (physical adsorption type) were prepared using the FN as the imprinting 
protein, and the stamps were imprinted on PE substrate as described in Chapter 3. The amount 
of FN adsorbed on the silica beads was 5 mg/g beads (Fig. 5-2). The adsorption data showed the 
Langmuir isotherm, indicating that the proteins were adsorbed on the silica beads in a 
monolayer.17 The NMIP was prepared using silica beads without FN adsorption. Furthermore, 
BSA-MIP was prepared as the control by using the same procedures. SDS was integrated in the 
PMPAz surface to make the molar ratio between the ligand and the adsorbed imprinted proteins 
to be 50:1. 
 
 
 
 
 
 
 
Fig. 5-2. Adsorption isotherm of FN to silica beads. 
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5.2.3 Cell culture on the protein-imprinted surfaces  
  The substrates of NMIP, BSA-MIP and FN-MIP were sterilized by rinsing with ethanol, 
dried, and then placed in a 24-well tissue culture plate. L929 cells suspended in Dulbecco’s 
modified Eagle’s medium, (Gibco) supplemented with 10% FBS were separated into two 
bottles and the cells in one of the two bottle were washed with the culture medium containing 
no serum. The cell (8 × 104 cells/mL) seeded on the FN-MIP and control substrates in the 
24-well plate were cultures in a CO2 incubator with 95% humidity for a given time at 37°C for 
24 h. After the medium was aspirated, the substrates were rinsed 2 times with PBS and 
transferred to new wells. The morphology of the adhered cells was observed using a 
phase-contrast microscope. 
 
5.2.4. Rebinding of fibronectin from cell culture medium 
  The amount of FN adsorbed on the substrates in the cell culture medium was determined by 
enzyme-labeled immunoassay.18,19 To prevent proteins from adsorbing, the bottom side of the 
substrate was coated with PMB30 by solvent evaporation with 0.20 wt% ethanol solution. The 
substrates were placed in 24-well tissue culture plates and immersed in water overnight at room 
temperature to equilibrate the surface.  After the water was removed, the substrates were 
washed with PBS (pH 7.4, ionic strength 0.15 M), followed by addition of cell culture medium 
containing 10% FBS and incubation at 37°C for 180 min. The substrates were rinsed 4 times 
with PBS and incubated with the primary antibody at 37°C for 60 min. After rinsing with PBS, 
HRP-labeled secondary antibody was added to each well, followed by incubation at 37°C for 60 
min. The substrates were transferred to new wells and mixed with TMBZ solution at room 
temperature for 20 min in the dark. The absorbance of TMBZ solution was measured at 490 nm 
using a microplate reader. 
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5.2.5. Preparation of the protein-imprinted surfaces for cell patterning 
  Protein stamps (covalent bond type) were prepared using the FN as the imprinting protein. 
FN was immobilized to the PMSiN-silica beads at 25 °C for 3 hours. The amount of 
immobilized FN, evaluated by UV analysis was 3 mg/g-beads. The imprinting places were 
regulated using photomask (Fig. 5-3). First, PMPAz solution was applied on the PE substrate, 
and air-dried at 25 °C. Then, the photomask with a stripe pattern of 100 µm was put on the 
surface and irradiated with a UV lamp for 1 min (254 nm, 500 mJ/cm2). After washing the 
surface using water, PMPAz aqueous solution containing protein stamps and sodium dodecyl 
sulfate (SDS) were applied on the surface, and the surface was air-dried at 25 °C. Then, the 
surface was irradiated with a UV lamp again, and protein stamps were detached from the 
substrate by sonication.  
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5.2.6 Cell culture on the patterned substrates  
  The patterned substrates of NMIP, BSA-MIP and FN-MIP were sterilized by rinsing with 
ethanol, dried, and then placed in a 24-well tissue culture plate. HeLa cells (8 × 104 cells/mL) 
were seeded on theses substrates in the 24-well plate and cultured in a CO2 incubator with 95% 
humidity at 37°C for 24 h. After the medium was aspirated, the substrates were rinsed 2 times 
with PBS and transferred to new wells. The morphology of the adhered cells was observed 
using a phase-contrast microscope. 
 
 
  
 
Fig. 5-3 Process for imprinting patterning. 
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5.3 Results and discussion 
5.3.1 Selective cell adhesion on the protein-imprinted surfaces 
  Cell adhesion occurs after the substrates adsorbs cell-adhesive proteins such as fibronectin, 
fibrinogen, and vitronectin from serum and is dependent on the surface density of these proteins. 
L929 cell adhesion on various substrates in the presence or absence of FBS was observed after 
24 h and phase-contrast microscopic images were obtained (Fig. 5-4). On PE substrate, cells 
adhered and spread, but on the FN-MIP substrate, the cells adhered were spherical in shape in 
the presence of FBS in the medium. The cell adhesion was observed at the dimple-shaped 
regions formed by silica beads on the FN-MIP substrate where SDS molecules were 
immobilized as the ligands for FN. On the NMIP and BSA-MIP substrates, however, the cells 
did not adhere. The absence of cell adhesion observed on the NMIP and BSA-MIP substrates 
can be explained by the lack of cell adhesive proteins on the PMPAz surface due to suppressed 
adsorption of proteins. When the culture medium without serum was used, few cells could 
adhere on any the substrates tested in this study. These results indicated that the binding sites of 
FN were successfully constructed and that the FN in FBS preferentially adsorbed onto the 
binding sites to support cell adhesion.  
  Since an equal amount of SDS was used in all the surfaces, it can be concluded that the 
binding sites of FN were not derived from simple physical interaction between FN molecules in 
the cell culture media and SDS molecules immobilized on PMPAz. These data suggest that 
suitable orientation and density of SDS molecules used is required for specific binding. 
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5.3.2 Amount of fibronectin adsorbed on the substrates  
  To confirm that the cell adhesion on the FN-MIP substrate was due to selective capturing of 
FN, the amounts of FN adsorbed on the substrate in an FBS-containing medium were quantified 
by immunoassay (Fig. 5-5). The data reported are the difference in absorbance before and after 
contact in the FBS-containing medium and the values corresponded with the amount of FN 
adsorbed from the medium. The large background (Absorbance before contact in the 
FBS-containing medium) could be attributed to the FN molecules immobilized in the PMPAz 
layer. However, these molecules were not recognized by the cells as evidenced by the results 
that the cells did not adhere to the surface in FN absence of FBS. As shown in Fig. 5-5, on the 
NMIP and BSA-MIP substrates, very little FN was detected. In contrast, significant amount of 
FN was observed on FN-MIP substrate and on original PE to support the viewpoints that cell 
adhesion on substrates was due to selective FN adsorption. 
 
 
 
 
Fig. 5-5 Amounts of FN adsorbed on the various substrates in the cell culture medium with 
FBS.  
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5.3.3 Beads patterning surfaces 
  Fig. 5-6 shows the phase-contrast image of NMIP substrate. The silica beads were imprinted 
in a pattern with 100 µm wide line using a photomask.  
 
 
5.3.4 Cell adhesion to specific area 
  Fig. 5-7 shows the phase microscope images of HeLa cell adhesion on various substrates. On 
the PE substrate, the cells adhered evenly. On the other hand, on the PMPAz patterned substrate, 
the cells adhered in line because PMPAz suppressed adsorption of cell adhesive proteins. On the 
NMIP and BSA-MIP substrates, the cells did not adhere at all. However, on the FN-MIP 
substrate, the cells adhered in the area where the FN was imprinted. FN molecules in the cell 
culture media were selectively rebound in the area where the FN was imprinted, and cell 
adhesion was guided. 
 
 
 
 
 
Fig. 5-6 Phase-contrast image of NMIP substrate. 
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5.4 Conclusions 
  The cell adhesive protein FN was used as the target imprinting protein to induce the cell 
adhesion on the surface. Although cell culture media with FBS contain many proteins, the 
results of this study provided evidence that FN molecules were selectively rebound on the 
FN-MIP and cells adhered to the substrate due to the FN molecules adsorbed from the cell 
culture medium. The specificity of guided cell adhesion by the molecular imprinted substrates 
was further demonstrated by the experimental evidence that the cells did not adhere on the 
FN-MIP in the absence of FBS and on the NMIP and BSA-MIP in the presence of FBS.  
  Furthermore, the present study demonstrated that cell adhesion could be directed to the 
specific areas when the FN was imprinted in patterns using photomask. The specific protein 
recognition surface can be potentially used for cell engineering device. 
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  The goal of this study was to fabricate a material surface for recognizing specific proteins 
using stable synthetic polymers. The surface design was inspired by the cell membrane, which 
can recognize specific proteins. On the cell membrane surface, the phospholipids bilayer 
provides an inert surface to support the performance of biomolecules located on the cell 
membrane for molecular recognition. Thus, two step strategies were employed to achieve the 
purpose. (1) Preparation of anti-protein adsorption surface (Chapter 2). (2) Construction of 
binding sites for the target proteins (Chapter 3). The recognition sites of target proteins were 
constructed on the surface which provide anti-protein adsorption. The capturing of the target 
proteins was confirmed using deep-UV fluorescence imaging microscope (UVFLIM) (Chapter 
4). Furthermore, controlled cell adhesion at the protein recognition surface was achieved 
(Chapter 5).  
 
  In Chapter 2, the water-soluble phospholipid polymers were synthesized for use in surface 
modification of various materials. The photoreactive methacrylate derivative 
2-methacryloyloxyethyl-4-azidobenzoate (MPAz) was synthesized using a Schotten-Baumann 
reaction between 2-hydroxyethyl methacrylate (HEMA) and 4-azidobenzoyl chloride in the 
presence of triethylamine (TEA). Poly(2-methacryloyloxyethyl phosphorylcholine 
(MPC)-co-MPAz) (PMPAz) and Poly(MPC-co-n-butyl methacrylate (BMA)-co-MPAz) 
(PMBPAz) with different monomer composition was synthesized. PMPAz and PMBPAz were 
bound to various material surfaces including polymers, glass, and metals, by exposure to 
ultraviolet irradiation. The azide groups in the MPAz units played a role in the surface 
anchoring; the polymers were bound covalently to the substrates. After the photoreaction, the 
surfaces were converted from hydrophobic to superhydrophilic, and protein adsorption and cell 
adhesion was effectively suppressed at the modified area. It was concluded that PMPAz and 
PMBPAz are useful to provide anti-protein adsorption surface.  
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  In Chapter 3, a new protein imprinting procedure for constructing the binding sites of specific 
protein was developed. To accommodate the flexible conformation, the binding sites of target 
proteins were constructed by integration of an anionic surfactant, sodium dodecyl surface (SDS) 
ligand. SDS molecules are bound to the specific-high energy sites of protein spontaneously, and 
provide multiple binding sites. First, protein stamp beads were prepared by immobilizing target 
proteins as a monolayer on silica beads. The stamp was used for forming the binding sites on the 
surface. Next, SDS molecules were arranged onto proteins as ligands and fixed with PMPAz. 	 	 
Finally, protein stamp beads and target proteins were removed from resultant polymer leaving 
the beads pattern on the surface of thick PMPAz layer formed by UV irradiation. Since the 
secondary structure of target protein was not affected during this procedure, it was confirmed 
that this procedure is applicable for biomolecules. 
	  
  In Chapter 4, the selective capturing of target proteins was evaluated using deep-UV 
fluorescence imaging microscope (UVFLIM). UVFILM can detect the intrinsic fluorescence 
based on the tryptophan (Trp) residues of proteins, thus, the label-free detection is possible. 
Three kinds of substrates; non-imprinted surface (NMIP), the BSA-imprinted surface 
(BSA-MIP) and the OVA-imprinted surface (OVA-MIP) were prepared, and selective 
capturing of target proteins were evaluated. When the BSA solution was added to the BSA-MIP 
substrate, strong fluorescence based on the Trp of BSA was observed at imprinted regions. On 
the other hand, in case of OVA-MIP and NMIP substrates, no fluorescence was observed. The 
results of UVFLIM provided evidence that the target proteins were bound to the substrate at 
locations intended by molecular imprinting. The surface showed good selectivity between BSA 
and OVA although they have similar molecular weight and isoelectric points. PMPAz 
suppressed nonspecific protein adsorption and supported the selective rebinding of target 
proteins. Furthermore, when the substrate was fabricated without ligands, both of proteins were 
not bound to the substrate. Thus, it was revealed that the binding sites were constructed by 
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integration of ligand surfactants with suitable position for the target proteins.  
 
  In Chapter 5, cell capturing on the protein recognition surface was investigated using 
fibronectin (FN) as the target proteins. Cells adhered on FN-MIP substrates and did not adhere 
on NMIP and BSA-MIP substrates. Theses results indicated that the FN recognition sites were 
successfully constructed by integration of ligand surfactants and the FN in the cell culture 
medium were selectively adsorbed on FN-MIP substrate to support cell adhesion. Furthermore, 
by controlling the FN imprinting area using photomask, cell adhesion was limited to the desired 
area demonstrating that the protein recognition surface can be potentially used for cell 
engineering device. 
 
  In conclusion, a material surface for recognizing specific proteins was fabricated by applying 
a new molecular imprinting concept. The concept proposed in the study is applicable for various 
biomolecules, and the fabricated surface can be used as a versatile sensing interface for 
biomolecules. Furthermore, protein recognition surface could be used for cell engineering 
device. One drawback of the process developed in the present study is that it includes a drying 
step during protein imprinting. It is speculated that if the photoreaction could be performed in 
aqueous solutions, target proteins could be immobilized on the surface more effectively.  
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Future perspective 
  The binding sites of target proteins were constructed by integration of ligands surfactant on 
the surface at desired locations. Since the target proteins bind to the substrate by interactions 
with ligands surfactant, it is predicted that the cationic parts of proteins are predominantly 
located on the surface because anionic surfactants; SDS were used for the ligand. If cationic 
surfactants are used for the ligand, anionic parts of proteins might be located on the surface. In 
theory, orientation control of the binding protein can be achieved using different ligand 
surfactants (Fig. 6-1). 
  Moreover, since the imprinting area is prepared by contact with protein stamp beads, 
recognition sites for multiple target proteins can be arranged on the surface by using different 
protein stamps. This surface would be useful for high-throughput screening (Fig. 6-2). 
   
 
 
Fig. 6-1 Orientation control of binding proteins. 
 
 
 
Fig. 6-2 Protein-imprinted array. 
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  Furthermore, this technology may be used to investigate the surface properties of the target 
molecules by analyzing the surface after imprinting. For example, the components of cell 
membrane are changing every second. After imprinting cells, the surface would memorize the 
properties of cell membrane. Thus, the surface properties of cell membrane at the specific 
moment can be captured and examined (Fig. 6-3).  
  
  The author believes that the new molecular imprinting concept opens the new field of 
artificial molecular recognition.   
 
 
Fig. 6-3 Analysis of cell-imprinted surface. 
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